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Introduction
Despite their toxic nature in general, selenium compounds have now found applications in many areas such as organic synthesis, [1] biochemistry, [2] xerography, [3] the synthesis of conducting materials [4] and semiconductors, [5] and ligand synthesis. [6] A wide range of selenation reagents can introduce selenium into organic substrates by both nucleophilic and electrophilic pathways, and the resulting selenium-containing products can be further converted into useful targets that may or may not retain the selenium atom. [7] 2,4-Bis(phenyl)-1,3-diselenadiphosphethane-2,4-diselenide [{PhP(Se)(µ-Se)} 2 ] (Woollins' reagent, WR, a selenium counterpart of Lawesson's reagent) has proved to be an efficient selenation reagent in organic synthetic chemistry in part due to its relatively pleasant chemical properties and ready preparation. [8] Reactions of Woollins' reagent with organic substrates display a wide spectrum ranging from simple oxygen-selenium exchange to the formation of complex phosphorus-selenium heterocycles as well as surprising phosphorus-selenium-free products. [9] [10] [11] [12] [13] [14] [15] [16] [17] Herein, as part of our investigation into the reactivity of Woollins' reagent towards different organic substrates, we report the synthesis of a series of novel ammonium phenylphosphonamidodiselenoates and phenylphosphonamidodiselenoic diamides from the selenation of primary/secondary amines, the complex of Cd 2 L 4 (L = [Se 2 PPh(NCH(CH 3 ) 2 ] -) and three representative related single crystal X-ray structures. To the best of our knowledge this is the first reported synthesis and characterization of ammonium phenylphosphonamidodiselenoates and phenylphosphonamidodiselenoic diamides and the representative coordination compound, providing a valuable addition to the library of phosphodiselenoate compounds known.
Results and Discussion
The ammonium phenylphosphonamidodiselenoates 1 -6 were synthesized by reaction of Woollins' reagent with two molar equivalents of primary or secondary amines (Scheme 1). However, the reaction of Woollins' reagent with two molar equivalents of isoproplyamine gave a mixed ammonium phenylphosphonamidodiselenoate 7 (Scheme 2). It was found that isoproplyamine was not pure but mixed with some diisoproplyamine (ca. 5%), which was formed during the purification process with CaH 2 (Scheme 3).
Scheme 1. Synthesis of ammonium phenylphosphonamidodiselenoates 1 -6 Scheme 2. Synthesis of ammonium phenylphosphonamidodiselenoate 7 Scheme 3. Formation of small amount of diisopropylamine (ca. 5 % based on 1 H NMR analysis) in isopropylamine purification process Breaking the four-membered ring in Woollins' reagent forms the ammonium phenylphosphonamidodiselenoates 1 -7 in 70 -99% yields as either off-white solids or pale yellow pastes, which are soluble in polar and chlorinated solvents such as alcohols, dichloromethane and chloroform but are insoluble in less polar solvents such as ethers and hexane. Compounds 1 -7 are air stable for several weeks, after that obvious signs of degradation occur including reddening of the powders due to the expulsion of elemental selenium; this decomposition is accompanied by the evolution of foul smelling gas.
The characterisation of 1 -7 is based on elemental analyses, 1 H, 13 [18] indicating a P-Se bond order of approximately 1.5 as expected. This was further substantiated by the 77 Se NMR spectra which exhibited doublets in the range of 31.6 -62.8 ppm, with matching 31 P-77 Se coupling constants.
Attempts to crystallize ammonium salts proved unsuccessful apart from compound 7, which was obtained by diffusion of the dichloromethane solution into hexane at room temperature. The building block for compound 7 is shown in Figure 1 and C NMR spectra of 8 as in the starting material 7. The mass spectrometry found the 1/2 expected parent ion at m/z 761.
Scheme 4. Synthesis of the complex 8
The single crystal X-ray structure of 8 was determined ( Figure 2 and Refluxing a toluene solution of ammonium phenylphosphonamidodiselenoates for 12 h led to the corresponding phenylphosphonamidodiselenoic diamides 9 -11 in almost quantitative isolated yields with evolution of hydrogen selenide (Scheme 5). The same products 9 -11 could be also obtained in 90% -95% yields via the reaction of Woollins' reagent with two equivalents of the corresponding primary amine in refluxing toluene (Scheme 6).
Scheme 5. Synthesis of phenylphosphonamidodiselenoic diamides 9 -11 from ammonium phenylphosphonamidodiselenoates Scheme 6. Synthesis of phenylphosphonamidodiselenoic diamides 9 -11 from the direct selenation of primary amines Compound 11 was crystallized by slow evaporation of dichloromethane solution to give transparent, colourless cubic crystals. The data for X-ray structure of compound 11 shows in Figure 3 and [25] suggesting the more or less extent of resonance delocalization. 
Experimental Section
Unless otherwise stated, all reactions were carried out under on oxygen free nitrogen atmosphere using Swansea and the University of St Andrews Mass Spectrometry Service. X-ray crystal data for 7, were collected using the Rigaku STANDARD system [26] and for 8 and 11 using a Rigaku SCXMIni Mercury CCD system. Intensity data were collected using ω steps accumulating area detector images spanning at least a hemisphere of reciprocal space. All data were corrected for Lorentz polarization effects. Absorption effects were corrected on the basis of multiple equivalent reflections or by semi-empirical methods.
Structures were solved by direct methods and refined by full-matrix least-squares against F 2 by using the program SHELXTL. [27] Hydrogen atoms were assigned riding isotropic displacement parameters and General procedure for the formation of ammonium phenylphosphonamidodiselenoates 1 -7. A mixture of Woollins' reagent (0.54 g, 1.0 mmol) and primary or secondary amine (4.0 mmol) in 50 mL of dry tetrahydrofuran was stirred at room temperature. While the red suspension disappeared gradually and a greyish white suspension formed after stirring at room temperature for 2 h. Upon evaporating to remove the solvent the residue was dissolved in dichloromethane. After removal of insoluble solid with a celite pad, the filtrate was dried in vacuo to give ammonium phenylphosphonamidodiselenoates 1 -7.
Diethylamine N,N-diethyl-P-phenylphosphonamidodiselenoate (1). A pale yellow paste (0.800 g, 97% yield General procedure for formation of phenylphosphonamido-diselenoic diamides 9 -11.
N-benzyl-2-phenylethanamine N-benzyl-N-phenethyl-P-phenylphosphonamidodiselenoate (4)
Route A: A toluene solution (20 mL) of ammonium phenylphosphonamidodiselenoate (0.05 mmol) was refluxed under N 2 gas for 12 h. Upon cooling to room temperature the mixture was evaporated to remove solvent and the residue was purified by silica gel column (dichloromethane as eluent) to afford the corresponding compounds 9 -11.
Route B: A suspension of primary amine (2.0 mmol) and Woollins' reagent (0.54 g, 1.0 mmol) in 20 mL of dry toluene was refluxed under N 2 for 12 h. The red suspension disappeared and an yellow suspension formed. Upon cooling to room temperature and removing the unreacted solid by filtration, the filtrate was evaporated and the residue was purified by silica gel column (dichloromethane as eluent) to give the corresponding compounds 9 -11.
N, N-Dibutyl-P-phenylphosphinoselenoic amide (9 
